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mark corresponding points in the retina and SC. Al-
though the subject of intense study for decades, the
only topographic guidance molecules described to date
are EphA receptor tyrosine kinases and their ephrin-A
ligands that control, in part, mapping the T-N retinal axis
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RGCs (Cheng et al., 1995; Marcus et al., 1996; Feldheimfor Basic Research on Nerve
et al., 1998; Brown et al., 2000) and ephrin-A2 andGrowth and Regeneration
ephrin-A5 are expressed in an overall low to high A-PUniversity of Texas Southwestern Medical Center
gradient in the mouse SC and chick tectum (Cheng etDallas, Texas 75390
al., 1995, Drescher et al., 1995; Monschau et al., 1997;
Frisen et al., 1998). Consistent with these patterns,
ephrin-As preferentially repel temporal RGC axons (Na-
kamoto et al., 1996; Monschau et al., 1997). AnalysesSummary
of ephrin-A2- and ephrin-A5-deficient mice show that
ephrin-As are required for correct T-N mapping alongWe report that EphB receptors direct unique axonal
the A-P axis (Frisen et al., 1998; Feldheim et al., 2000).behaviors required for mapping the dorsal-ventral (D-V)
Loss-of-function analysis of EphA receptors in mappingretinal axis along the lateral-medial (L-M) axis of the
has not been reported. However, a gain-of-functionsuperior colliculus (SC). EphBs are expressed in a D-V
strategy using ectopic EphA3 expression in a subset ofgradient, ephrin-B1 in a L-M gradient in SC, and
RGCs has shown that EphAs mediate the repellent ac-ephrin-B3 at its midline. EphBs and ephrin-Bs are ex-
tion of ephrin-As (Brown et al., 2000).pressed in countergradients in retina and SC. Develop-
A primary role for ephrin-As is to regulate topographicmental analyses reveal that retinal axons lack D-V or-
branching along RGC axons. In chick tectum and rodentdering along the L-M axis, but directionally extend
SC, topographic connections are established exclu-branches along it to establish ordered arbors. Directed
sively by interstitial branches that form along the primarybranch extension is disrupted in EphB2; EphB3-defi-
axon shaft (Simon and O’Leary, 1992a; Yates et al.,cient mice resulting in lateral ectopic arbors. Mice
2001). RGC axons initially overshoot their correct termi-with kinase-inactive EphB2 have similar D-V mapping
nation zone (TZ), but branches later form along themdefects indicating that forward signaling dominates
with a topographic bias for the A-P location of theirover reverse signaling. Our data suggest that branches
TZ. In vitro branching assays indicate that the level ofof EphB expressing axons are attracted medially by
ephrin-As posterior to the correct TZ inhibits branchingephrin-B1, and provide molecular mechanisms for D-V
along the overshooting segments of RGC axonsmapping in visual centers.
(Roskies and O’Leary, 1994; Yates et al., 2001). In addi-
tion, RGC axons arising from a given D-V location enter
Introduction and extend across the SC with a broad distribution cen-
tered on the L-M position of their future TZ. Interstitial
Most axonal projections in the brain establish in their branches not only form with an A-P topographic bias,
target field an orderly arrangement of connections but most also extend either medially or laterally along
termed a topographic map. The dominant model system the L-M axis in the correct direction to position the
for studying map development has been the projection branch at the TZ (Nakamura and O’Leary, 1989; present
from the retina to its major midbrain target, the superior study).
colliculus (SC) of mammals, or its non-mammalian ho- Recent analyses suggest a role for EphB receptor
molog, the optic tectum. This orderly projection re-rep- tyrosine kinases and their ephrin-B ligands in mapping
resents the visual world through the precise spatial or- the D-V retinal axis along the L-M axis. EphB2, EphB3,
dering of axonal arborizations of retinal ganglion cells and EphB4 are expressed in a low to high D-V gradient in
(RGCs) along two sets of orthogonally oriented axes: the RGC layer in chicks and mice (Holash and Pasquale,
the temporal-nasal (T-N) axis of the retina along the 1995; Henkemeyer et al., 1996; Connor et al., 1998; Birg-
anterior-posterior (A-P) axis of the SC, and the dorsal- bauer et al., 2000), and ephrin-B1 is expressed in a low
ventral (D-V) retinal axis along the lateral-medial (L-M) to high L-M gradient in chick tectum (Braisted et al.,
SC axis. Sperry’s (1963) chemoaffinity hypothesis pro- 1997). Studies of the homeodomain transcription factor
posed that the specificity of axonal connections in a Vax2 in mice (Mui et al., 2002) and cVax in chick (Schulte
map is determined by graded guidance molecules that et al., 1999) in regulating D-V axial polarity of the retina
have revealed L-M mapping defects in the SC/tectum,
and aberrant expression of EphBs and ephrin-Bs in3 Correspondence: doleary@salk.edu
retina.4 Co-communicating authors.
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Figure 1. EphB and Ephrin-B Expression in the Retina and Superior Colliculus
Coronal sections of P0 and P4 retina and midbrain after in situ hybridization with radiolabeled antisense probes and stained with DAPI. (A)
EphB2 is expressed in a high ventral (v) to low dorsal (d) gradient throughout retina and in the RGC layer (arrows) at P0. (B–E) High magnification
views of P0 (B and D) and P4 (C and E) retina depicting the expression of EphB2 and EphB3 in a low dorsal to high ventral gradient in the
RGC layer (brackets). (F) Representation of a coronal section of midbrain at the level of the SC. Arrowhead indicates the midline. (G) High
magnification view of the area within the dashed box in panel (F). The left side depicts ephrin-B1 expression at P0 in a low lateral (L) to high
medial (M) gradient in the ventricular zone (vz, shaded) of the SC. The numbers indicate bins analyzed. (H) Graph represents the mean
percentage of silver grains within the shaded region in each bin and shows the low to high L-M gradient of ephrin-B1 expression. (I) Graded
expression of ephrin-B1 persists at P4 in SC. (J) Immunostaining against ephrin-B1 at P0 shows a low to high L-M gradient (arrows) across
the SC. The L-M extent of the SC is marked by arrowheads (medial is left). (K) At P0, ephrin-B3 is expressed at the SC midline. (L and M)
Ephrin-B1 (L) and ephrin-B2 (M) are expressed in a high dorsal (d) to low ventral (v) gradient in retina and RGC layer (brackets) at P0. (N and
O) EphB2 and EphB3 are expressed at high levels in the lateral (L) VZ of the SC at P0. Scale bar  400 m in (A); 200 m in (B)–(E); 300 m
in (G), (K), (N), and (O); 150 m in (I), (L), and (M); and 800 m in (J). on, optic nerve.
axonal behaviors required for retinotopic mapping and defects in EphB mutants are due in part to a disruption
in the directional extension of interstitial branches, re-distinct from those controlled by EphAs and ephrin-As.
We describe in mice countergradients of expression of sulting in the formation of ectopic TZs and abnormal
distributions of RGC axons along the L-M axis. ModelingEphBs and ephrin-Bs along the D-V axis of the RGC
layer and the L-M axis of the SC. We show that mutant of our findings implies that EphB forward signaling medi-
ates branch attraction.mice lacking both EphB2 and EphB3 establish topo-
graphically aberrant projections along the L-M axis.
Since ephrin-Bs mediate reverse signaling (Henkemeyer
et al., 1996; Holland et al., 1996; Bruckner et al., 1997) Results
and are expressed by RGCs in a countergradient to
EphBs, we also analyzed mice in which the kinase do- Our analyses in mice have focused on time points be-
tween E14, when RGC axons reach the SC, and P8,main and C terminus of EphB2 is replaced with LacZ.
Similar mapping defects are found in these mice, indi- when their topographic map resembles its mature form
(Simon and O’Leary, 1992c; Marcus and Mason, 1995;cating that forward signaling dominates over reverse
signaling. Developmental analyses show that mapping present study).
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EphB and Ephrin-B Expression Patterns in Retina EphB2 and EphB3 Are Required for Appropriate
and SC Suggest Role in Topographic Mapping Retinocollicular Mapping
In situ hybridization with antisense riboprobes reveals To investigate roles for EphBs/ephrin-B1-mediated sig-
in the developing mouse retina, including the RGC layer, naling in mapping, we analyzed the topographic projec-
the expression of four of the five EphBs that bind ephrin- tions of RGC axons in SC of mice deficient for EphB2 and
Bs. EphB2, EphB3 (Figure 1), and EphB4 (data not EphB3 at a stage when topography of the retinocollicular
shown) are expressed in a low to high D-V gradient in map resembles its mature form. Focal injections of the
the RGC layer; EphB2 is most strongly expressed and axon tracer DiI were made in retina between P7 and
EphB4 most weakly. EphB1 expression is not graded P9 and labeled RGC projections were analyzed in the
(Birgbauer et al., 2000), and EphB6 is not detected (data contralateral SC one day later. Anatomical analyses indi-
not shown). The graded expression of EphB2 and EphB3 cate that the visual pathway and the SC appear normal
is modest at E14 (data not shown), strongest at P0 (Fig- in structure and size in the mutants (data not shown).
ures 1A, 1B, and 1D), and still detected at P4 (Figures Because ventral retina has the highest level of EphB
1C and 1E). EphB4 expression is detected at E14, but expression, we focused on cases with injections made
does not appear to be graded; at P0 and P4, a shallow into the ventral part of temporal (VT) retina. We also
low to high D-V gradient is detected (data not shown). analyzed a smaller number of cases with injections in
One of the three ephrin-Bs, ephrin-B1, is expressed dorsal retina. We only used cases in which we confirmed
in a gradient across the SC. In situ hybridization detects in retinal whole mounts that a single DiI injection was
ephrin-B1 mRNA in the ventricular zone (VZ) of the SC appropriately sized and targeted, and well-labeled ax-
at E14 (data not shown), and in a low to high L-M gradient ons originated only from that site. All analyses were
at P0 (Figures 1F–1H) that persists at P4 (Figure 1I). done blind to genotype.
The slope of the graded L-M distribution of ephrin-B1 A focal DiI injection in VT retina of wild-type mice (n
transcripts at P0 is 70 units/mm, similar to the slope of 25) always labels a single dense TZ in medial-anterior
80 units/mm for the graded distribution of ephrin-A2 SC, and never labels arborizations outside of it (Figure
transcripts across the A-P axis of E4 chick tectum 2A). A similar injection in VT retina of EphB2/; EphB3/
(Cheng et al., 1995) (see Experimental Procedures). Im- mice (n  13) labels a dense TZ at the topographically
munostaining reveals a low to high L-M-graded distribu- correct site, and often one or more ectopic TZs lateral
tion of ephrin-B1 protein superficially in SC, in the intra- to the correct TZ (Figures 2B and 2C). The ectopic TZs
collicular path of RGC axons and their interstitial are formed, at least in part, by branches that extend
branches at this age (Figure 1J). This localization is likely laterally from the correct TZ (Figures 2C and 2D). Injec-
due to ephrin-B1 protein distributed to the endfeet of tion sites are illustrated in Figure 2E. Similar injections
radial cells that express ephrin-B1 transcripts and have in VT retina in EphB2/; EphB3/ mice (n  16) label
their bodies in the VZ, as in chick tectum (Braisted et ectopic TZs at a lower frequency than in EphB2/;
al., 1997). Although ephrin-B1 is expressed in the RGC EphB3/ mice, suggesting a gene dose effect (Figure
layer in mouse (Birgbauer et al., 2000; Figure 1L) and 2F). These results indicate that EphB2 and EphB3 are
chick (Braisted et al., 1997), ephrin-B1-specific antibod- required for appropriate topographic mapping of RGC
ies do not reveal in either species ephrin-B1 protein on axons along the L-M axis.
RGC axons in central visual pathways (Braisted et al., In the EphB2; EphB3 mutants, the ectopic TZs are
1997; data not shown). We did not detect ephrin-B2 always located lateral to the correct TZ (Figure 2G).
expression in the SC. However, at each age examined, Along the A-P axis, the ectopic TZs are often shifted
ephrin-B3 is strongly expressed at the midline separat- slightly posterior to the correct TZ, but some are located
ing the left and right SCs (P0; Figure 1K). at the same A-P location or are shifted slightly anterior
In situ hybridization also reveals expression of ephrin- to it (Figure 2H). This finding may suggest that EphBs
Bs in retina and EphBs in SC. At P0, ephrin-B1 (Figure
not only mediate D-V mapping, but also to a lesser extent
1L) and ephrin-B2 (Figure 1M) are expressed in a high
T-N mapping. Alternatively, the small A-P shift of the
to low D-V gradient in the RGC layer. Both also exhibit
ectopic TZs may reflect the curved geometry of the SCgraded expression in the RGC layer at P4 (data not
or may be due to competitive interactions with axonsshown). In addition, ephrin-B3 is expressed at low levels
arising from more dorsal retina. Injections in dorsal ret-in the embryonic RGC layer (Birgbauer et al., 2000).
ina did not reveal topographically aberrant projectionsEphB2 and EphB3 are expressed in a high to low L-M
(n  8; data not shown), but if laterally located ectopicgradient in the SC VZ at P0 (Figures 1N and 1O) and P4
TZs were present, they could be difficult to distinguish(data not shown). Thus, ephrin-Bs and EphBs exhibit
from the correct TZ.opposing gradients of expression in retina and SC.
In situ hybridizations were done in EphB2/; EphB3/
Aberrant Topographic Mapping Is Due to Lackmutants to determine if EphB deletion upregulates other
of EphB2 Forward Signalinggenes differentially expressed along the D-V retinal axis.
Binding of EphB receptors to ephrin-B ligands can resultNo changes are observed in the graded expression of
in bidirectional signaling. To address the potential con-EphB4, ephrin-B2, the dorsal marker Tbx5 (Koshiba-
tribution of reverse signaling (or a signaling-independentTakeuchi et al., 2000), or the ventral marker Vax2 (Mui
form of cell adhesion due to EphB2-ephrin-B1 binding)et al., 2002) (data not shown).
to the observed phenotypes, we analyzed mice in whichIn summary, the spatiotemporal patterns of expres-
the intracellular domain of EphB2 (including the kinasesion of EphBs and ephrin-B1 make them strong candi-
domain) is replaced with -galactosidase (-gal; n dates to control mapping of the D-V retinal axis along
the L-M axis of the SC. 34). The EphB2-gal fusion protein (we refer to the allele
Neuron
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Figure 2. EphB2 and EphB3 Mutant Mice Have Aberrant Retinocollicular Maps
(A) Focal injection of DiI into VT retina reveals, in P8 wild-type mouse, a single densely labeled TZ in anterior (arrowheads)—medial (M) SC.
(B and C) Similar DiI injections in EphB2/; EphB3/ mice reveal ectopic TZs (eTZ) lateral (L) to the normally positioned TZs. (D) High power
view of the area between the TZ and eTZ in (C). A branch is evident (arrows) extending laterally from the TZ to the eTZ. (E) Drawings (for
cases [A], [C], [I]) and tracings (for cases [B] and [J]) of flatmounted retina showing the size and location of the DiI injection in VT retina. (F)
Percentage of animals for each genotype with an ectopic TZ at P8. Number of cases is noted above each bar. The percent of aberrant cases
for each genotype is significantly different from wild-type (range of p 0.013 to p 0.0002; Chi-Square). (G) Outline of eTZs and corresponding
TZs in EphB2/; EphB3/ mice traced in the same color and superimposed on an outline of the SC. (H) Similar to panel (G), except the
centers of each TZ and eTZ are marked and connected. (I and J) Focal injection of DiI into temporal retina reveals, at P8 in EphB2ki/ki; EphB3/
mouse (I) and in EphB2ki/; EphB3/ mouse (J), an eTZ in lateral SC in addition to a densely labeled TZ in the correct location in anterior
(arrowheads) SC. In some cases, aberrant branches (arrows) medial to the TZ persist at P8. (K and L) Similar to panels (G) and (H) for EphB2ki/ki;
EphB3/ mice. Scale bar  1 mm in (A)–(C), (I), and (J) and 400 m in (D). P, posterior.
as EphB2ki) binds ephrin-Bs and transduces a reverse of EphB2ki/ki; EphB3/ mutants compared to 39% of
EphB2/; EphB3/ mutants (Figure 2F), suggesting thatsignal into the ligand-expressing cell, but is not able to
transduce a forward signal into the receptor expressing the EphB2ki allele may have a dominant-negative effect.
We also observe aberrant maps in 29% of EphB2ki/;cell (Henkemeyer et al., 1996). A focal DiI injection into
VT retina of EphB2ki/ki; EphB3/ mutants at P7–P9 (n  EphB3/ mice (n 24), suggestive of a gene dose effect
(Figures 2F and 2J). As in EphB2/; EphB3/ mutants,10) reveals substantial aberrancies in retinocollicular
mapping that resemble those observed in EphB2/; in EphB2ki double mutants, the ectopic TZs are lateral
to the correct TZ (Figures 2K and 2L). In some cases,EphB3/ mutants (Figure 2I). These findings show that
the dominant contribution of EphB–ephrin-B1 interac- we also observe aberrant, branched axons medial to
the correct TZ, but they do not form a focused ectopictions to RGC axon mapping from ventral retina is forward
signaling rather than reverse signaling. TZ (Figures 2I and 2J).
In summary, we find that EphB2ki/ki; EphB3/ mutantsMapping defects are also more frequent in EphB2ki/ki;
EphB3/ mice. Aberrant maps are observed in 60% have the highest frequency of aberrant maps, followed
EphB Forward Signaling Controls Retinotopic Mapping
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Figure 3. Retinocollicular Map Development in Wild-Type Mice
(A) At P1, a focal injection of DiI into VT retina reveals a broad distribution of RGC axons. RGC axons are distributed across the entire L-M
extent of the SC, though centered on the location of the future TZ (*). Most, if not all, RGC axons have extended well posterior (P) to their
future TZ and have begun forming interstitial branches. (B) A similar DiI injection in VT retina reveals, at P3, an emerging TZ (*) in the correct
location. RGC axons remain broadly distributed across the L-M axis. Most RGC axons have extended branches into the developing TZ. (C)
At P8, a focal injection of DiI in VT retina reveals a densely labeled TZ. RGC axons are broadly distributed across the L-M axis. The initial
RGC axon overshoot has been eliminated. (D) High magnification view of medial SC at P3 after DiI injection in VT retina shows several
interstitial branches directed laterally toward the forming TZ, which is off the panel to the left (some branch points marked by arrows). Scale
bar  1 mm in (A)–(C) and 75 m in (D).
by EphB2/; EphB3/ mutants, whereas the heterozy- across the L-M extent of the SC, with a peak centered
on the L-M location of their TZ. Branches extend intersti-gous mutants showed an intermediate frequency (Figure
tially from the shafts of RGC axons located medial and2F). The magnitude of D-V mapping defects along the
lateral to the future TZ. By P3 (n  13), some interstitialL-M SC axis in EphB mutants (relative sizes of ectopic
branches have reached the TZ and begun to arborizeand normal TZs and penentrance) is similar to the T-N
(Figure 3B). In addition, the initial RGC axon overshootmapping defects along the A-P SC axis in ephrin-A5
has begun to diminish. By P8 (n  25), the map resem-mutants (Frisen et al., 1998), and greater than that in
bles its mature form: the TZ is a dense, focused networkephrin-A2 mutants (Feldheim et al., 2000).
of arbors and the initial axon overshoot has been elimi-
nated (Figure 3C). The labeled RGC axons remainEphBs Control Directional Branch Extension
broadly distributed over the L-M axis, indicating thatalong the L-M Axis
axons both medial and lateral to the TZ successfullyTo determine the developmental mechanisms that result
extend interstitial branches to it, where the branches
in proper D-V mapping, and defects in EphB mutants
arborize and sustain their parent axon.
that result in the formation of ectopic TZs, we analyzed
To determine the mechanism for the formation of ec-
map development in wild-type and EphB mutant mice. topic TZs seen in P8 EphB mutants, we investigated the
Studies of the chick retinotectal projection (Nakamura directional extension of interstitial branches at P3, when
and O’Leary, 1989; Yates et al., 2001) and rat retinocollic- the location of the emerging TZ is evident, but branches
ular projection (Simon and O’Leary, 1992a, 1992b, are widely distributed and refinement has yet to occur.
1992c) show that development of the topographic map DiI was focally injected into VT retina at P2, and one
is a multiphase process. RGC axons enter the SC (or day later, the directional extension of branches (Figure
tectum) at its anterior border, grow posteriorly across 3D) was scored in the contralateral SC. We divided the
it, and initially overshoot the location of their future TZ SC into three bins along the L-M axis relative to the
along the A-P axis. Along the L-M axis, axon distribution emerging TZ (lateral to TZ, medial to TZ, and in the L-M
provides only a diffuse representation of the D-V retinal extent of the TZ). In each bin, we counted the total
axis. Branches form interstitially along RGC axons in an number of labeled axons and branches that originated
A-P distribution biased for the topographically correct from them, and recorded branch orientation (i.e., di-
site of their future TZ. As branches extend from the axon rected either medially or laterally) (Figure 4A). From
shaft, they are preferentially directed along the L-M axis these data, we calculated a directional coefficient (DC)
toward their TZ. Arbors are formed exclusively by these (Figure 4). A DC of 0 indicates no bias in the direction of
branches. Therefore, interstitial branches correct for the branch extension, a DC of 1 means all branches extend
parent axon’s position relative to the TZ along both the medially, and a DC of 1 means all branches extend
A-P and L-M axes of the SC, and are responsible for laterally.
establishing the definitive synaptic connections of RGCs. In wild-type (n  13 mice, 573 branches; Figure 4B),
We observe in wild-type mice a similar development the majority of branches in the medial bin are oriented
of topographic mapping to that in chick and rat. Figure laterally toward the TZ (Figure 3D; DC  0.24), the
3 shows a temporal series of cases with a similarly sized majority of branches in the lateral bin are oriented medi-
focal injection of DiI in VT retina. At P1 (n  10), labeled ally toward the TZ (DC 0.26), and in the TZ bin, branch
RGC axons extend well posterior to the location of their orientation is unbiased (DC  0.02). Therefore, in wild-
type, branches extended by RGC axons outside thefuture TZ (Figure 3A). RGC axons are broadly distributed
Neuron
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Figure 4. Directed Branch Extension along
L-M Axis in Wild-Type and EphB Mutant Mice
(A) The SC was divided in three bins (sepa-
rated by dashed lines) in relation to the form-
ing TZ (circle). The orientation of each branch
was recorded and graphed by bin. (B) Distri-
bution of branches in P3 wild-type (n  13).
Directional coefficient (DC) represents, for
each bin, the percentage of branches ori-
ented medially minus percentage of branches
oriented laterally for all cases combined. A
positive DC indicates a preference to branch
medially, whereas a negative DC indicates a
preference to branch laterally. Branches pref-
erentially extend to correct for axon location
(i.e., most branches lateral of the TZ branch
medially, toward the TZ, n  198 branches,
p  0.001; Student’s paired t test; most
branches medial of the TZ branch laterally,
toward the TZ, n  141, p  0.004; no bias
in branch directionality is observed within the
TZ bin, n 234, p 0.58). Arrowheads repre-
sent the direction and relative strength of the
branching preference for branches in each
region. (C) Distribution of branch orientation
in P3 EphB2/; EphB3/ mice (n  7). There
is a reduction in medially oriented branches.
This is especially evident lateral of the TZ,
where the strong bias for branching medially
observed in wild-type has been significantly
reduced (n  133, p  0.02, Chi-Square).
There is a strong trend for fewer medially ori-
ented branches within the TZ (n  148, p 
0.08). (D) Distribution of branch orientation in
P3 EphB2ki/ki; EphB3/ mice (n  8). We find
a significant reduction in medially oriented
branches in all SC domains (Lat, n  204,
p  0.001; TZ, n  168, p  0.001; Med,
n  131, p  0.02). (E) Table describing the
DC for each genotype and bin. Individual DC
was calculated for each bin in each animal,
the mean and standard error are listed. Com-
pared to wild-type, we find a significant re-
duction in medially oriented branches in EphB2/; EphB3/ mice (Lat, p  0.02; Student’s unpaired t test) and in EphB2ki/ki; EphB3/ mice
(Lat, p  0.02; TZ, p  0.01). D, dorsal; L, lateral; N, nasal; P, posterior.
L-M extent of the TZ are directionally biased toward the sion. The reduced medial extension of branches is more
pronounced in EphB2ki/ki; EphB3/ mice (n  8 mice,emerging TZ, and exhibit a similar bias in directional
extension toward the TZ whether they originate medial 503 branches; Figure 4D), in which regardless of the bin
of origin, branches preferentially extend laterally (DCs:or lateral to it. In contrast, the parent RGC axons main-
tain roughly parallel trajectories as they extend posteri- lateral bin0.04; TZ bin0.26; medial bin0.42).
This finding supports the conclusion from our analysesorly across the SC (Figure 3). This finding indicates that
guidance information along the L-M axis directs branch of mature maps in P8 EphB mutants that the action
of EphBs on L-M mapping is primarily due to forwardextension, but does not influence the L-M targeting of
parent RGC axons. signaling, and that the EphB2ki allele may act as a domi-
nant negative (branch directionality in EphB2/;We find that the directional extension of branches in
EphB2/; EphB3/ mice and EphB2ki/ki; EphB3/ mice EphB3/ mice is significantly different than that in Eph-
B2ki/ki; EphB3/ mice; in lateral SC, p  0.01; in TZ, p is significantly different than that in wild-type (Figure 4E).
In EphB2/; EphB3/ mice (n  7 mice, 383 branches; 0.05; Chi-square). The DCs in Figures 4B–4D are based
on the total sum of branches in each bin across all cases.Figure 4C), the proportion of medially oriented branches
in each of the three bins is reduced compared to wild- DCs of similar values are obtained when calculated as
a mean of the DCs obtained from each individual casetype (DCs: lateral bin  0.06; TZ bin  0.12; medial
bin  0.32). This indicates a decrease in the ability (Figure 4E).
The increase in the percentage of laterally orientedof interstitial branches to extend medially, i.e., up the
gradient of ephrin-B1, in the absence of EphB2 and branches and decrease in medially oriented branches
in EphB2; EphB3 mutants indicate that EphB2 andEphB3. This change is even evident in the “TZ” bin: in
wild-type, branch extension is unbiased in the TZ bin, EphB3 are required for the proper extension of branches
medially, i.e., up the ephrin-B1 gradient. This phenotypebut in EphB2/; EphB3/ mutants, branches that origi-
nate in this bin exhibit a laterally directed bias in exten- implies that EphB2/EphB3 signaling mediates branch
EphB Forward Signaling Controls Retinotopic Mapping
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Figure 5. Axon Distribution along L-M Axis of
SC in Wild-Type and EphB Mutants over Map
Refinement
(A) The SC was divided into 10 segments
along the L-M axis at the anterior border, and
all labeled RGC axons within each bin were
counted and graphed relative to the position
of the developing TZ for each injection. (B)
Distribution of RGC axons in wild-type rela-
tive to the TZ at P3 and P8. The broad distri-
bution of RGC axons across the L-M axis is
centered at the TZ. The distribution of RGC
axons at P8 (n  9 mice, 131 axons) is not
different from that at P3 (n  11 mice, 203
axons) in wild-type (p  0.9; Chi-Square). (C)
In EphB2/; EphB3/ mice at P3, there is a
broader distribution of RGC axons than in
wild-type (n  8 mice, 299 axons, p 
0.001), though still centered on the TZ. Fur-
thermore, there is a significant difference in
axon distribution from P3 to P8 due to a me-
dial shift (n 7 mice, 167 axons, p 0.001).
(D) In EphB2ki/ki; EphB3/ mice, there is a
broader distribution of RGC axons than in
wild-type at P3 (n  11 mice, 472 axons, p 
0.001) and P8 (n  5 mice, 200 axons, p 
0.001), though still centered on the TZ. Fur-
thermore, there is a significant difference in
axon distribution from P3 to P8 due to a me-
dial shift (p  0.001).
attraction. However, this signaling system alone cannot In contrast, in EphB2/; EphB3/ mice (P3, n  8
mice, 299 axons; P8, n  7 mice, 167 axons), RGCaccount for branch extension observed in wild-type and
mutant SC, and at a minimum must cooperate with a axon distribution at P3 is broader along the L-M axis
compared to wild-type. This finding suggests a role forsecond graded activity that opposes the EphB/eph-
rin-B attractant signaling (see Discussion). EphBs and ephrin-Bs in generating RGC axon order in
the optic tract or more proximally in the visual pathway.
In addition, this broader distribution shifts medially byAberrant RGC Axon Distributions along the L-M
P8 (Figure 5C). Both of these distinctions from wild-Axis of the SC in EphB Mutants
type, the broader distribution at P3 and the medial shiftAs described above, RGC axons correct their initial posi-
at P8, are exaggerated in EphB2ki/ki; EphB3/ mutantstion along the L-M axis by the directed extension of
(P3, n 11 mice, 472 axons; P8, n 5 mice, 200 axons)interstitial branches controlled in part by EphB2 and
(Figure 5D). The medial shift in axon distribution betweenEphB3. In EphB mutants, a higher percentage of
P3 and P8 is consistent with the reduced ability ofbranches extend laterally compared to wild-type. Since
branches to extend medially in the SC in EphB mutants,axons that do not connect to the TZ are eliminated
which should lead to an increased loss of axons lateral(O’Leary et al., 1986), and RGC axons form connections
to the TZ, and an increase in branch extension laterally,to their TZ by directed branch extension, we would ex-
which should enhance the maintenance of axons dis-pect that axons labeled by a focal DiI injection should
placed medial to the TZ.have a different distribution along the L-M axis at P8
in EphB2; EphB3 mutants compared to wild-type. To
address this issue, DiI was focally injected into VT retina Discussion
one day prior to analysis at either P3 or P8, and the
distribution of RGC axons quantified along the L-M axis Roles for EphBs/Ephrin-Bs in Retinotopic Mapping
We demonstrate with genetic analyses in mice that for-relative to the correct location of the TZ (Figure 5A).
In wild-type (P3, n  11 mice, 203 axons; P8, n  9 ward signaling mediated by EphB2 and EphB3 is re-
quired to map the D-V axis of the retina along the L-Mmice, 131 axons), labeled RGC axons are broadly distrib-
uted along the L-M axis, with a peak centered on the axis of the SC (Figure 6). Analyses of EphB mutants
when the topographic map is mature show that RGCsTZ (Figure 5B). Although between P3 and P8 almost half
of RGCs and axons are lost (Erkman et al., 2000) and form ectopic TZs along the L-M axis, lateral to their
correct TZ. We also define developmental mechanismsthe map becomes topographically refined (Figure 3), the
distribution of labeled RGC axons across the L-M axis that lead to mapping the D-V axis along the L-M axis in
wild-type, and defects in them that result in aberrantdoes not change (Figure 5B). Thus, RGC axons are able
to form, through the directed extension and arborization mapping in EphB mutants. In wild-type, RGC axons di-
rectionally extend interstitial branches medially or later-of interstitial branches, appropriate connections to their
correct TZ, independent of their L-M entry point into ally along the L-M axis to correct axon position and
establish appropriately located arbors. In EphB mutants,the SC.
Neuron
482
lateral side of the spinal gray (Kullander et al., 2001a,
2000b; Yokoyama et al., 2001). EphA4 is the only EphA
that mediates ephrin-B signaling, and is activated by
ephrin-B3 and ephrin-B2, but not ephrin-B1 (Gale et al.,
1996). Since RGCs express EphA4 uniformly (Feldheim
et al., 1998), ephrin-B3 may act similarly in the midbrain
to prevent RGC axons and branches from crossing the
SC midline.
Our analyses covered the entire D-V axis and approxi-
mately one half of the T-N axis. Although we did not
find mapping defects with dorsal retinal injections, this
analysis was hindered by the fact that the main defect
in EphB mutants is laterally shifted ectopic TZs, which
are difficult to distinguish from the correct TZ, which for
dorsal RGCs is normally positioned laterally. Although
our analyses focused on temporal retina, because the
D-V graded EphB expression is similar in temporal and
nasal retina, and the L-M graded ephrin-B1 expression
is maintained along the entire A-P axis of the SC, it is
reasonable to assume that mechanisms for D-V map-
ping of temporal RGCs would be representative of nasal
RGCs.
The development of the retinotopic map requires the
coordinated representation of the T-N and D-V retinal
axes along the A-P and L-M axes of the SC, respectively.
The magnitude of the D-V mapping defects in EphB
mutants is similar to that reported for endpoint analyses
of the T-N retinal map along the A-P axis of the SC in
ephrin-A5 mutants (Frisen et al., 1998), and even greater
than the T-N mapping defects in ephrin-A2 mutants
(Feldheim et al., 2000). Thus, these two ephrin signaling
systems are both required for proper retinotopic map-
ping, albeit along different axes. Although develop-Figure 6. Summary of Wild-Type and EphB Mutant Phenotypes
mental analyses have not been done on ephrin-A mu-(P3 wild-type) RGC axons have extended past their future TZ (circle).
tants, it is clear that the mapping mechanisms controlledBranches are formed and extend appropriately toward the TZ either
by the two ephrin signaling systems are distinct (seeup or down the low to high L-M gradient of ephrin-B1. (P3 EphB
mutant) In P3 mice mutant for EphB, there is a decrease in branches Discussion below, Figure 7).
directed up the gradient of ephrin-B1. Most branches extend later- Our findings and previous studies show that two criti-
ally even when inappropriate (i.e., axons located lateral to their future cal events in the development of the retinotopic map
TZ preferentially extend branches laterally, away from the TZ). (P8
in rodents and chicks are topographic interstitial axonwild-type) RGC axons from VT retina have formed a dense TZ in
branching along the A-P axis and the directed extensionanterior-medial SC. Axons are broadly distributed along the L-M
and arborization of these branches along the L-M axis.axis. (P8 EphB mutant) EphB mutant mice have formed, in addition
to a normal appearing TZ, a lateral ectopic TZ (eTZ). Furthermore, A prominent role for EphAs and ephrin-As in mapping
the distribution of axons across the L-M axis is shifted medially. appears to be to inhibit branching and arborization of
Thus, ventral RGC axons in mice lacking EphB2 and EphB3 are RGC axons posterior to their correct TZ (Roskies and
more likely to extend branches down the ephrin-B1 gradient and O’Leary, 1994; Yates et al., 2001). EphBs and ephrin-B1
form eTZs in areas of low expression of ephrin-B1. D, dorsal; N,
subsequently act to direct these branches along thenasal; P, posterior.
L-M axis to the correct position of their TZ, where they
arborize (present study).
directional branch extension is disrupted; branches ex- Interestingly, the parent RGC axons themselves do
hibit an abnormal bias to extend laterally regardless of not respond to the ephrin-B1 gradient (or any L-M guid-
whether their parent axon is positioned medial or lateral ance information) by turning to correct their L-M posi-
to the correct TZ, or at the TZ. This defect in directed tion; instead they maintain trajectories that are roughly
branch extension correlates with the abnormal distribu- parallel to the A-P axis as they extend posteriorly across
tion of RGC axons that survive map remodeling in EphB the SC. In wild-type, we find that the distribution of
mutants. RGC axons across the L-M axis does not change over
Because ephrin-B1 is the only EphB ligand expressed development, even though the map becomes topo-
across the L-M SC axis, it is likely the ligand that acti- graphically refined and a substantial proportion of RGC
vates EphB forward signaling required for D-V mapping. axons are lost (Erkman et al., 2000). Thus, RGC axons
In contrast, ephrin-B3 expression is confined to a mid- located medial or lateral to the L-M location of their TZ
line stripe that separates the left and right SCs. In spinal have the same probability to survive the period of RGC
cord, ephrin-B3 is also expressed at the midline, and death and map remodeling as axons located at the L-M
acts through EphA4 as a repellent for crossed cortico- position of the TZ. In contrast, in EphB mutants, the L-M
distribution of RGC axons shifts medially during mapspinal axons, restricting their terminations to the contra-
EphB Forward Signaling Controls Retinotopic Mapping
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Figure 7. Summary of Retinocollicular Topo-
graphic Map Development
(A) Initial axon overshoot. EphAs are ex-
pressed in RGCs in a high to low T-N gradient
and EphBs are expressed in a low to high
D-V gradient. Multiple ephrins are expressed
in the SC in gradients: ephrin-As are in a high
posterior (P) to low anterior (arrowheads) gra-
dient, whereas ephrin-B1 is in a low to high
L-M gradient. At this early stage in develop-
ment most, if not all, RGC axons have ex-
tended posteriorly well past their future TZ
(circle). The posterior extent of the overshoot
is controlled, in part, by a repellent activity of
ephrin-As on EphA expressing RGC axons.
(B) Topographic branch formation. At this
stage, interstitial branches form de novo
along the axon shaft in a distribution peaking
at the A-P location of the TZ, with relatively few branches anterior or posterior to the TZ. Ephrin-As inhibit branch formation along RGC axon
portions posterior to the TZ. (C) Directed branch extension. Interstitial branches elongate along the L-M axis to correct for axon position by
preferentially extending toward their TZ. The directed extension of interstitial branches is controlled, in part, by EphB-ephrin-B1 interactions.
The initial axon overshoot decreases as inappropriate distal axon portions are eliminated. (D) Overshoot correction and refinement. Branches
that connect to the TZ elaborate arbors and are stabilized. RGC axons that have not connected to the TZ are eliminated, as are inappropriate
axon portions. Early stages of refinement may be driven by increasing levels of ephrin-As in posterior SC.
refinement. The medial shift indicates that a greater per- Although forward signaling dominates over reverse
signaling for the phenotypes that we have identified, itcentage of RGC axons located medial to the TZ success-
fully connect to it, and a lower percentage of RGC axons remains possibile that an EphB might act as a ligand
for ephrin-Bs in some aspect of RGC axon mapping. Alocated lateral to the TZ connect to it. This result is
consistent with our finding of an increase in the percent- role for retinal ephrin-Bs in influencing RGC axon order-
ing in the visual pathway and/or mapping may be espe-age of laterally directed branches in EphB mutants,
which provides a mechanism for the observed bias in the cially prominent for dorsal retina, which has high levels
of ephrin-B expression. In addition, the ephrin-B count-survival of medially positioned axons in EphB mutants.
ergradient may enhance the D-V gradient of functional
EphBs, a role reported for the ephrin-A countergradientEphB Forward Signaling Dominates over Ephrin-B
Reverse Signaling in D-V Mapping to EphAs along the T-N axis (Hornberger et al., 1999).
Because ephrin-Bs are expressed by RGCs in a count-
ergradient to EphBs, and EphBs are expressed in the EphB/Ephrin-B1 Signaling Likely Mediates Attraction
and Cooperates with Other ActivitiesSC in a countergradient to ephrin-B1, it was possible
that diminished reverse signaling in EphB2; EphB3 dou- Since ventral RGC axons express high levels of EphBs
and map to medial SC that expresses high levels ofble null mice may contribute to the defects in D-V map-
ping. However, our finding that D-V mapping defects in ephrin-B1, it is likely that EphB/ephrin-B1 signaling in
D-V mapping promotes branch attraction. Our findingmice expressing a kinase-inactivated form of EphB2
(EphB2ki) on an EphB3 null background are similar to, that in EphB mutants, branches aberrantly extend later-
ally indicates that EphB2 and EphB3 normally act toand even more pronounced than those in EphB2; EphB3
double null mice indicates that EphB2 forward signaling direct branches medially in the SC, i.e., up the gradient
of ephrin-B1. This apparent action of EphB2, EphB3/dominates over reverse signaling in the mapping mecha-
nisms that we have studied. The increased frequency ephrin-B1 in retinotopic mapping is distinct from the
repellent effect that ephrin-B1 exerts on EphB-express-of mapping defects in mice expressing the kinase-inacti-
vated receptor suggests that it acts as a dominant nega- ing axons in other systems (Wang and Anderson, 1997).
While we and others have shown differential T-N RGCtive, and that another EphB receptor is involved in D-V
mapping. This receptor may be EphB4, which has a axon responses to A-P tectal membranes and to mem-
branes prepared from heterologous cells transfected withlow to high graded D-V expression, or possibly EphB1,
which is more uniformly expressed. ephrin-As (Walter et al., 1987; Simon and O’Leary, 1992a;
Roskies and O’Leary, 1994; Drescher et al., 1995; Naka-Intraretinal RGC axon guidance defects confined to
dorsal retina occur in EphB2; EphB3 double null mice moto et al., 1996; Monschau et al., 1997; Feldheim et
al., 1998; Yates et al., 2001), we and others have been(Birgbauer et al., 2000). These defects are observed at
a lower frequency in EphB2ki/ki; EphB3/ mice, indicating unable to show differential D-V retinal responses to the
L-M tectal axis in vitro. Bonhoeffer and colleagues havethat the loss of ephrin-B reverse signaling or a signaling-
independent adhesion is responsible for them. However, used the membrane stripe assay, and other in vitro axon
guidance assays, in attempts to show differential D-Vall of the defects that we observe are more severe and/
or occur at a higher frequency in EphB2ki/ki mice than in responses of chick retina to membranes (Walter et al.,
1987) or living cell monolayers from medial and lateralEphB2; EphB3 double null mice, showing that they are
not only due to deficiencies in forward signaling, but tectum (Bonhoeffer and Huf, 1982), and even to channels
containing high densities of dorsal and ventral RGC ax-also that they are not a ramification of the dorsal retina
defects reported by Birgbauer et al. (2000). ons (Bonhoeffer and Huf, 1985). We have also been
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Figure 8. Potential Actions of EphBs in the
Development of Topography along L-M Axis
of the SC
Modeling of topographic mapping and inter-
stitial branch behaviors in the presence of
branch guidance activities distributed along
the L-M axis. Two RGC axons from ventral
(V) retina and their branches are depicted,
one lateral and one medial to the TZ (circle).
The distribution of guidance receptors (rec.)
and ligands (lig.) along the D-V axis of retina
and L-M axis of SC are indicated. All receptor-
ligand interactions are represented in the ac-
tivity graphs for ventral RGC axons across
the L-M axis of SC. Attractive activities are
in green (branches extend up a gradient of
attraction) and repellent activities are in red
(branches extend down a repellent gradient).
The dominant activity at each location is rep-
resented with shading. The location of the TZ
is designated with a vertical gray line in the
activity charts and small arrowheads repre-
sent the direction of branch extension. (A)
Situation describing EphB-ephrin-B1 interac-
tions as the sole branch guidance activity,
either as an attractant (top, green branches)
or repellent (bottom, red branches). In neither
case do branches preferentially extend to-
ward the TZ, as observed in wild-type (gray
branches). (B and C) Distribution and function
of a second guidance activity (dashed lines)
in addition to EphBs-ephrin-B1 (solid lines)
that correctly predict wild-type interstitial
branch behaviors. (B) If EphB-ephrin-B1 in-
teractions result in attraction (attr.; green
solid lines) and the additional (add’l) activity
results in repulsion (rep.; red dashed lines),
both wild-type (gray branches) and mutant
(blue branches) branch behaviors are cor-
rectly predicted. Mutants are modeled by
lowering the EphB-ephrin-B1 activity line in
mutant activity graphs. (C) If EphB-ephrin-B1
interactions result in repulsion (red solid lines)
and the additional activity either attraction
(top, green dashed lines) or repulsion (bot-
tom, red dashed lines), only wild-type branch
behaviors (gray branches) are correctly pre-
dicted. In fact, the model predicts a medial
shift in both scenarios for the mutants (blue
branches). A, anterior; N, nasal; P, posterior;
T, temporal.
unable to demonstrate differential D-V retinal responses tial D-V retinal responses to the L-M tectal axis or to
ephrin-B1 is because these in vitro assays are mostin the membrane stripe assay using chick tectal mem-
branes or membranes from heterologous cells trans- effective at demonstrating repellent axon responses.
However, cell adhesion assays using chick tissue showfected with ephrin-B1, and even on substrates of artifi-
cially clustered ephrin-B1-Fc (T.M., J.E. Braisted, that EphB-expressing ventral retinal cells adhere to sub-
strates of ephrin-B1, and ephrin-B-expressing dorsalD.D.M.O’L., unpublished observations).
We suspect that the inability to demonstrate differen- retinal cells adhere to substrates of EphB2 (Holash et
EphB Forward Signaling Controls Retinotopic Mapping
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al., 1997). Further, ventral retinal cells preferentially ad- (Gierer, 1987). This hypothesis is supported by in vitro
here to dorsal retinal cells (Gottlieb et al., 1976) and to experimental evidence that cell attachment mediated
explants of medial tectum (Marchase, 1977), both of by EphB1-ephrin-B1 interaction is dependent on the
which express high levels of ephrin-B1. Although cell density of ephrin-B1: both above and below a certain
adhesion can be a distinct phenomenon from axon at- ephrin-B1 concentration, cell adhesion through EphB1
traction, these findings are consistent with our sugges- is reduced (Huynh-Do et al., 1999). Thus, in D-V map-
tion that EphB2, EphB3/ephrin-B1 signaling mediates ping, it is possible that activation of each of the EphB
branch attraction in retinotopic mapping. receptors results in a similar response, but the response
RGC axons arising from the same retinal location, and switches from attraction to repulsion at a threshold level
presumably having similar levels of guidance receptors, of EphB/ephrin-B1 signaling. If the switch is determined
extend branches either medially up the ephrin-B1 gradi- by the proportion of EphB receptors occupied by ephrin-
ent or laterally down it to reach the L-M location of B1, then directed branch extension in wild-type and in
their TZ. This implies that at least two distinct molecular EphB mutants can be explained on a model based solely
activities must operate to map the D-V axis along the on EphB/ephrin-B1 interactions.
L-M axis: one activity accounted for at least in part by
EphB2, EphB3/ephrin-B1 signaling to guide branches Genetic Regulation of D-V Mapping
medially, and an additional activity to guide branches Studies of the regulation of axial polarity of the retina
laterally. The action of the proposed additional molecu- are consistent with a role for EphBs in D-V mapping. In
lar activity is revealed by our finding that branch direc- mice deficient for Vax2, a homeodomain protein ex-
tionality is biased laterally in EphB mutants, rather than pressed in a low to high D-V gradient (and more subtle
being random. T-N gradient), the expression of D-V markers is altered,
Figure 8 demonstrates why two activities are required including a reduced expression of EphB2 and EphB3 in
and describes the properties of the additional activity. ventral retina, and VT RGCs show a complete shift in
We have analyzed all combinations of the following vari-
their TZs from medial to lateral SC (Mui et al., 2002).
ables: an activity can be an attractant or repellent, li-
Overexpression of cVax in dorsal chick retina alters ex-
gands in the SC must be graded along the L-M axis,
pression of polarity markers, enhances expression of
and receptors in the retina may be graded or uniform.
EphB2 and EphB3, and shifts medially the projection of
Our starting parameters retain the graded distributions
dorsal RGC axons (Schulte et al., 1999). Ectopic overex-
of ephrin-B1 and EphBs, but allow that ephrin-B1 may
pression in chick retina of Tbx5, a transcription factorbe an attractant or repellent. These parameters deter-
expressed predominantly in dorsal retina (Koshiba-mine 24 basic possibilities for a dual gradient mecha-
Takeuchi et al., 2000), and ventroptin, a BMP4 antago-nism to control L-M mapping by the directed extension
nist expressed in a high VN to low DT gradient (Sakutaof interstitial axon branches.
et al., 2001), result in aberrant D-V projections. TheseOnly five scenarios result in correct D-V mapping in
effects are likely due in part to influences on cVax: cVaxwild-type (Figures 8B and 8C). Of these five scenarios,
is repressed in domains of ectopic Tbx5 expression inonly three predict the lateral bias in branch extension
ventral retina, and Tbx5 is repressed and cVax inducedand the formation of laterally positioned ectopic TZs in
in domains of ectopic ventroptin expression in dorsalEphB mutants (Figure 8B). All three scenarios require
retina. Further analyses of the targets of these regulatorythat EphB2, EphB3 forward signaling mediates at-
genes should reveal candidate guidance molecules thattraction, and that the additional ligand is a repellent
may cooperate with EphBs and ephrin-B1 in controllingexpressed in a gradient similar to ephrin-B1 in the SC.
D-V retinotopic mapping.The receptor for the additional activity may be ex-
pressed in a high to low D-V gradient, a low to high D-V
Experimental Proceduresgradient, or uniformly.
Our findings are most similar to the prediction of the
Animals
model in which the receptor for the additional activity The generation of EphB mutant mice has been described (Henke-
is expressed either uniformly or in a low to high D-V meyer et al., 1996; Orioli et al., 1996). Studies here were done in
gradient. These distributions match the retinal expres- mice backcrossed into a CD1 background (Cowan et al., 2000).
Genotyping was done by PCR.sion patterns of different subsets of EphBs, and the
expression of ephrin-B1 in the SC. Therefore, in addition
In Situ Hybridizationto EphB2 and EphB3 transducing an attractant signal
In situ hybridization with 35S- radiolabeled riboprobes was performedupon binding ephrin-B1 in the SC, a possibility is that
as described (Mui et al., 2002) on 20 m coronal sections. ProbesEphB1 transduces a repellent signal upon binding
used are: EphB2: 0.8 kb cDNA fragment (ORF 2120-2988; gift from
ephrin-B1. A single ligand with context-dependent at- D. Anderson), EphB3: 2 kb cDNA fragment (ORF 768-2979), EphB4:
tractant or repellent functions has precedence. The li- 1.5 kb cDNA fragment (ORF 1477-2961), EphB6: 1.5 kb cDNA frag-
gand interaction of EphB1 or EphB2 results in different ment (ORF 1593-3042), ephrin-B1: 1 kb full-length cDNA, ephrin-
signaling complexes (Holland et al., 1997; Stein et al., B2: 0.7 kb cDNA fragment (ORF 373-1005; gift from D. Anderson),
ephrin-B3: 1 kb full-length cDNA, Vax2: 0.9 kb full-length cDNA.1998), suggesting different cellular responses. A single
For quantification of ephrin-B1 in situ hybridizations, the L-Mguidance molecule has been shown to act as either
extent of the SC VZ was divided into four bins. Silver grains werean attractant and repellent depending on its interaction
counted and the percentage of total grains per bin of all counted
partners or the intracellular levels of cyclic nucleotides VZs (n  14) is indicated in Figure 1H. The slope calculations for
(Song and Poo, 1999). ephrin-B1 and ephrin-A2 are based on silvergrain counts presented
Models have also proposed a differential response of here and the data of Cheng et al. (1995). The most medial bin (bin
1) has significantly more silver grains than any other bin (Student’sguidance molecules depending on their concentration
Neuron
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paired, two-tailed t test; p  0.02 for bin 1 versus bin 2 or bin 3, cell axons by RAGS, a 25 kDa tectal protein related to ligands for
Eph receptor tyrosine kinases. Cell 82, 359–370.p  0.01 bin 1 versus bin 4). The most lateral bin (bin 4) has
significantly less silver grains than any other bin (p  0.01). The Erkman, L., Yates, P.A., McLaughlin, T., McEvilly, R.J., Whisenhunt,
SEM for each bin is 1%. T., O’Connell, S.M., Krones, A.I., Kirby, M.A., Rapaport, D.H., Ber-
mingham, J.R., et al. (2000). A POU domain transcription factor-
Immunohistochemistry dependent program regulates axon pathfinding in the vertebrate
Primary antibody against ephrin-B1 (Santa Cruz, A-20) was applied visual system. Neuron 28, 779–792.
to 20 m cryostat sections and visualized with a biotinylated sec- Feldheim, D.A., Vanderhaeghen, P., Hansen, M.J., Frisen, J., Lu,
ondary antibody and an avidin-biotin-peroxidase complex (Vector Q., Barbacid, M., and Flanagan, J.G. (1998). Topographic guidance
Laboratories), reacted with DAB substrate. labels in a sensory projection to the forebrain. Neuron 21, 1303–
1313.
Anterograde Axon Labeling and Quantitation Feldheim, D.A., Kim, Y.-I., Bergemann, A.D., Frisen, J., Barbacid,
Anterograde labeling was done essentially as described (Simon and M., and Flanagan, J.G. (2000). Genetic analysis of ephrin-A2 and
O’Leary, 1992c). DiI solution (Molecular Probes) was injected into ephrin-A5 shows their requirement in multiple aspects of retinocol-
the retina; 1 day later, contralateral SC whole mounts were analyzed licular mapping. Neuron 25, 563–574.
blind to genotype. Retinas were examined to confirm that all labeled
Frisen, J., Yates, P.A., McLaughlin, T., Friedman, G.C., O’Leary,RGC axons originated from one site covering 3% of the retina.
D.D.M., and Barbacid, M. (1998). Ephrin-A5 (AL-1/RAGS) is essentialBranch and axon analyses were done on high magnification confocal
for proper retinal axon guidance and topographic mapping in theimages at which branches and axons could be unambiguously iden-
mammalian visual system. Neuron 20, 235–243.tified, blind to genotype and to the precise location in the SC. The
Gale, N.W., Holland, S.J., Valenzuela, D.M., Flenniken, A., Pan, L.,L-M distribution of RGC axons peaks at the TZ in every case. The
Ryan, T.E., Henkemeyer, M., Strebhardt, K., Hirai, H., Wilkinson,density of labeled axons in the L-M extent of the TZ is often too
D.G., et al. (1996). Eph receptors and ligands comprise two majorhigh to unambiguously identify individual axons, and therefore the
specificity subclasses and are reciprocally compartmentalized dur-TZ bin is not included in our analysis of axon distribution.
ing embryogenesis. Neuron 17, 9–19.
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